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Abstract 
The results of 28 hypervelocity impact tests performed using a full-scale and two subscale versions of a simple Whipple shield and 
aluminum spheres are presented. ocities ranging from 6.90 to 
9.77 km/s. These lines were compared to one another and to a scale-appropriate ballistic limit curve generated using Ballistic Limit 
Equations (BLE) from Christiansen. Both subscale shields exhibited similar performance capabilities when the impact velocity was near 
7 km/s. The Christiansen BLE closely described the capability of a 0.46-scale shield but underpredicted the capability of a 0.25-scale 
shield, which improved when compared to the ballistic limit curve, as the impact velocity was increased. The performance of the full-
scale shield was significantly below its predicted capability when the impact velocity was 7 km/s. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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Nomenclature 
dc critical particle diameter 
t, tb bumper thickness 
tw rear wall thickness 
D sphere diameter 
S sheet spacing  
V impact velocity (km/s) 
Vn normal component of the projectile velocity (km/s) 
p density of the projectile (g/cm3) 
 impact angle shot-line axis makes with the shield surface normal (degrees) 
 rear wall yield stress (ksi) 
1. Introduction 
Simple and modified Whipple shields are currently in use as micrometeoroid and orbital debris shields on modern 
spacecraft. 
purpose of evaluating their performance when they were subjected to impact by a variety of threats. Coincident with the 
e 
performance of Whipple shield systems. 
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gments are irregularly shaped. In 
the current environment of performing limited numbers of impact tests designed to facilitate the validation of 
for discrete sets of impact conditions, spheres continue to be used as the fragment shape of choice.  Because of launch 
velocity and mass limits imposed by the types of launchers used to accelerate projectiles to hypervelocity, very few data 
have been available for impact tests using spheres for velocities above 8 km/s. 
A three-stage, light-gas gun capable of launching small aluminum spheres to 10 km/s was developed at the University of 
Dayton Research Institute (UDRI) [1]. About two-thirds of the gun-development test firings provided data presented in this 
paper; the remaining third of the test firings were performed for sponsors who have generously allowed their data to be 
included in this paper. 
,
presented fairly frequently in publications made during the development of shielding for use on portions of Space Station. 
The full-scale shield consisted of a 1.27-mm-thick, 6061-T6 aluminum bumper and a 3.18-mm-thick, 2219-T87 aluminum 
rear wall.  Spacing between the bumper and the rear wall was 10.2 cm. Ballistic limit curves presented for this shield in ref. 2 
indicated that the critical aluminum particle diameter for a normal impact at a velocity of 9 km/s was 0.479 cm, or twice the 
diameter of the 2.4-mm-diameter aluminum sphere used in the initial three-stage gun test firings. The first shield 
performance data produced in this series of tests used Whipple shields which were slightly less than half scale, 2.4-mm-
diameter projectiles, and impact velocities near 9 km/s. 
The results of a limited number of impact tests performed using the UDRI three-stage, light-gas gun were recently 
published [3]. Figure 5 in that paper presented the results of: (1) three tests using full-scale Whipple shields with 2219-T87 
aluminum rear walls; (2) eight tests using 0.46-scale Whipple shields (four with 6061-T6 aluminum rear walls and four with 
2219-T87 aluminum rear walls); and (3) two tests using 0.25-scale Whipple shields (one each with 6061-T6 and 2219-T87 
aluminum rear walls). The 0.25-scale shields were used with smaller-diameter projectiles to reduce launch masses and 
achieve higher impact velocities. A casual examination of the results of the 13 test firings indicated the subscale Whipple 
shields offered better-than-predicted capability as impact velocity was increased and that the rear wall material properties 
appeared to only have a small effect on shield performance. However, comparisons of the damage on the rear surface of the 
rear walls for tests which used similar impact velocities but different shield scales suggested there was more to the story. 
The rear walls for two full-scale shields tested at impact velocities of 6.94 and 7.09 km/s failed, having lost large regions 
of detached spall. A 0.46-scale test, using a nearly identical scaled projectile diameter at 7.09 km/s passed, exhibiting only a 
spall blister with several open cracks on the rear surface of the rear wall. In a second comparison, a 0.46-scale shield failed 
at an impact velocity of 9.29 km/s with the loss of a small detached spall. -scale shield passed at 
an impact velocity of 9.72 km/s and exhibited a small blister with open cracks on the rear surface of the rear wall. Because 
of the differences in the levels of damage observed on the rear surfaces of the rear walls, the decision was made to use the 
full-scale and the two subscale Whipple shields as targets during the gun development effort. Focus was placed on the use 
of shields with 2219-T87 rear walls, on the generation of - and the 0.25-scale shields 
in the velocity range of 7 to 10 km/s, and on the determination of the critical particle diameter for the full-scale shields at an 
impact velocity of 7 km/s. 
2. Experimental procedures 
The impact tests were performed in the UDRI Impact Physics Laboratory using a 50/20 mm, two-stage, light-gas gun and 
a 75/30/7.62 mm, three-stage, light-gas gun. The Whipple-shield targets were installed and impacted with the bumpers and 
rear walls normal to the range centerline. All shields employed 6061-T6 aluminum sheet bumpers, 2219-T87 aluminum 
sheet rear walls, and 2024-T3 aluminum sheet witness plates. Lateral dimensions of the components of the three shields are 
presented in Table 1. Thicknesses and spacing of the sheets for individual shields are presented in Section 3.1 with 
projectile diameters and masses, impact velocities, and post test condition of the rear wall. Projectiles used for the test 
firings were 2017-T4 aluminum spheres with diameters ranging from 1.42 mm to 6.35 mm. 
                        Table 1. Lateral dimensions of various Whipple shield components 
Shield Bumper Rear Wall / Witness Plate 
Full-scale 6 x 6 in. (15.2 x 15.2 cm) 9.5 x 9.5 in. (24.1 x 24.1 cm) 
0.46-scale 3 x 3 in. (7.6 x 7.6 cm) 6 x 6 in. (15.2 x 15.2 cm) 
0.25-scale 4 x 4 in. (10.2 x 10.2 cm) 4 x 4 in. (10.2 x 10.2 cm) 
 
Spacing of the shield bumper and rear wall was maintained by using spacers of the correct length between the various 
sheets. Threaded rods or screws which passed through the corners of the sheets into support frames held them in place on 
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four target-support posts. The full-scale bumpers were attached to the rear side of an intermediate frame with a 12.7-cm-
square opening cut in its center. The 0.46-scale bumpers were securely taped to the back of a 15.2-cm-square aluminum 
frame which had a 5.08-cm-square opening cut in its center. The 0.25-scale bumpers were positioned on a 15.2-cm-square 
aluminum frame using four short posts to support them and the rest of the shield assembly. A 0.020-inch-thick, 2024-T3 
aluminum witness plate was used for all scales of the shields and was positioned behind the rear wall using 2-inch-long 
spacers for the full- and 0.46-scale shields and 1-inch-long spacers for the 0.25-scale shields. 
Impact velocity determinations were made with use of four laser-photodetector stations for the two-stage gun and three 
laser-photodetector stations for the three-stage gun. These laser-photodetector systems were installed at various locations 
along the flight path of the projectile. Projectile velocities were computed by dividing the distance between pairs of stations 
by the corresponding measured time of flight of the projectile between those stations. Projectile integrity was verified using 
orthogonal, flash radiography of the projectile in flight just before impact with the shield. The atmosphere in the target 
chamber was air at a pressure of 5 to 12 mm Hg for the two-stage gun and 6 mm Hg for the three-stage gun. 
3. Results 
3.1. Impact test results 
The results of 28 test firings using 2017-T4 aluminum spheres with impact velocities ranging from 6.90 to 9.77 km/s are 
presented and discussed in this Section. Full-scale shields were used for 9 tests, 0.46-scale shields for 9 tests, and 0.25-scale 
shields for 10 tests. The diameters of the projectiles used for all of the tests were scaled to 0.46 scale using the following 
relationship: 
 Scaled Sphere Diameter = (Actual Sphere Diameter x 0.4608) / Actual Rear Wall Scale (1) 
test divided by the thickness of 
the nominal full-scale shield rear wall. 
variations in the actual rear wall thicknesses resulting from machining tolerances. For several of the 0.25-scale tests, slightly 
oversize or undersize rear walls were purposely used to provide scaled sphere diameters which were not available as stock 
items. When oversize or undersize rear walls were used, corresponding adjustments in the bumper thickness and the spacing 
of the sheets were made. The adjustments were small, with the result that the actual scales of the shields used in the ten 
0.25-scale tests ranged from 0.2480 to 0.2560. 
Ballistic limit curves which defined the critical particle diameter, dc , that just caused failure of the shield at the impact 
velocity of interest were generated using the following equations for all-aluminum Whipple shields given by Christiansen [2], 
the material properties presented in Table 2, and the nominal dimensions of the 0.46-scale simple Whipple shield. The 
applicable velocity range for each equation is specified in terms of Vn , the normal component of the projectile velocity for 
cases in which the projectile impacts at an oblique angle. The critical particle diameter when Vn  
 dc = [(tw( /40)
0.5
 + tb) / (0.6 (cos )
5/3
 p
0.5 V 
2/3
)]
(18/19)
 (2) 
For 3 km/s < Vn < 7 km/s: 
 dc = {[( tw ( /40)
0.5
 + tb) / (1.248 p
0.5
 cos )]
(18/19) (1.75  (V cos )/4)}  
 + {[1.071 tw
2/3
 p
-1/3
 b
-1/9
 S
1/3
 (  /70)
1/3
] ((V cos )/4  0.75)} (3) 
For Vn > 7 km/s: 
 dc = 3.918 tw
2/3
 p
-1/3
 b
-1/9
 (V cos )
-2/3 S
1/3
 (  /70)
1/3
 (4) 
        Table 2. Material properties of various aluminum alloys used in impact tests 
Material 2017-T4 2219-T87 6061-T6 
Density, g/cm3 2.795 2.840 2.702 
Yield Stress, ksi 40 57 40 
645 A.J. Piekutowski and K.L. Poormon /  Procedia Engineering  58 ( 2013 )  642 – 652 
Eqs. (2), (3), and (4) apply when the ratio, S/D, is greater than 15 for aluminum-on-aluminum impacts or the ratio (tb b)/( p) 
is greater than 0.18 for normal impacts. All Whipple shields used in this study met these criteria. 
The results, i.e., impact velocity and post test condition of the rear wall (pass or fail), are presented for all of the tests in 
Table 3. This table also contains the diameters of the projectiles, the thicknesses of the bumpers and rear walls, and the lengths 
of the spacers used in the shield assembly. Accuracy of the velocity measurements for the two-stage gun tests (Shot No. 
-stage gun tests (Shot No. 
was better than ± 0.16 percent. Sphere diameters and shield thicknesses are presented in the units in which they 
were measured with an accuracy of ± 0.0001 inch. Sphere masses were measured with an accuracy of ± 0.0002 g. Three of 
the shots, 4-1415, 4-1416, and 4-
Nos. 8-3260, 8-3291, 8-3299, and 8-3300 were performed for NASA Johnson Space Center; Shot B146 was performed by 
NASA Johnson Space Center. 
       Table 3. Summary of impact test conditions and the results of tests using the simple Whipple shields 
All bumpers were 6061-T6 aluminum and all rear walls were 2219-T87 aluminum. The diameters, masses, and thicknesses shown in this table are 
presented in the units in which the properties were measured. 
 Projectile Bumper Sheet Rear Wall Impact Rear Wall Condition 
Shot Diameter, Mass, Thickness, Spacing Thickness, Velocity, Pass/ Type of Damage 
No. inches (mm) g inches inches inches km/s Fail to Rear Surfacea 
Full-Scale Tests 
4-1415 0.2498 (6.345) 0.3729 0.0505 4.00 0.1260 7.19 Fail 0.7-inch-dia. hole 
4-1416 0.2348 (5.964) 0.3095 0.0505 4.00 0.1260 7.09 Fail Large detached spall 
4-1417 0.2348 (5.964) 0.3096 0.0505 4.00 0.1260 6.94 Fail Large detached spall 
4-2105 0.2288 (5.812) 0.2856 0.0505 4.00 0.1260 6.93 Fail Large detached spall 
4-2106 0.2129 (5.408) 0.2315 0.0505 4.00 0.1260 7.02 Fail Mod. detached spall 
4-2108 0.1968 (4.999) 0.1827 0.0505 4.00 0.1260 6.90 Fail Detached spall 
4-2109 0.1876 (4.765) 0.1589 0.0505 4.00 0.1260 6.98 Fail Detached spall 
4-2110 0.1776 (4.511) 0.1334 0.0505 4.00 0.1260 7.00 Pass Central blister 
B146b 0.1882 (4.780) 0.1602 0.127 cm 10.16 cm 0.318 cm 7.53 Pass Dimples (ring) 
0.46-Scale Tests 
4-2011 0.1021 (2.593) 0.0253 0.0235 1.850 0.0583 7.25 Pass Central blister 
4-2012 0.1068 (2.713) 0.0288 0.0235 1.850 0.0576 7.09 Pass Central blister 
4-2032 0.1094 (2.779) 0.0308 0.0235 1.850 0.0576 7.25 Pass Central blister 
8-3260 0.0938 (2.382) 0.0196 0.0235 1.850 0.0584 9.03 Pass Central blister 
8-3288 0.1024 (2.601) 0.0254 0.0235 1.850 0.0577 9.29 Fail Detached spall 
8-3315 0.1096 (2.781) 0.0309 0.0235 1.850 0.0576 7.50 Fail Detached spall 
8-3316 0.1069 (2.715) 0.0288 0.0235 1.850 0.0576 8.21 Fail Detached spall 
8-3325 0.1024 (2.601) 0.0256 0.0235 1.850 0.0576 8.78 Fail Detached spall 
8-3327 0.0984 (2.499) 0.0228 0.0235 1.850 0.0574 9.09 Pass Central blister 
0.25-Scale Tests 
4-2079 0.0625 (1.588) 0.0059 0.0127 1.008 0.0315 7.00 Fail Detached spall 
4-2107 0.0623 (1.582) 0.0058 0.0128 1.024 0.0320 6.90 Pass Central blister 
8-3291 0.0565 (1.435) 0.0045 0.0125 1.000 0.0317 9.72 Pass Blister w/ cracks 
8-3299 0.0589 (1.496) 0.0048 0.0128 1.024 0.0320 9.64 Pass Central blister 
8-3300 0.0560 (1.422) 0.0041 0.0130 1.024 0.0318 9.77 Pass Central blister 
8-3308 0.0565 (1.435) 0.0043 0.0126 1.000 0.0311 8.46 Pass Central blister 
8-3313 0.0589 (1.496) 0.0049 0.0129 0.992 0.0310 8.60 Pass Central blister 
8-3317 0.0625 (1.588) 0.0059 0.0128 1.024 0.0320 9.46 Fail Detached spall 
8-3323 0.0622 (1.580) 0.0058 0.0127 1.015 0.0317 8.49 Fail Detached spall 
8-3326 0.0589 (1.496) 0.0049 0.0123 0.992 0.0310 9.68 Fail Detached spall 
a  Damage descriptions shown in bold type indicate photographs of the damage are shown in figures which follow. 
b Test was performed at NASA Johnson.  Test data provided by Eric Christiansen. 
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Figure 1 presents an enlarged portion of the particle-diameter/impact-velocity space typically shown in plots of ballistic 
limit curves for most shield designs in order to focus on the range of projectile diameters and impact velocities used in the 
test series. The results of the impact tests are also presented, in this figure, for the three scales of shields. Failure of the 
shield was defined as: (1) a perforation of the rear wall or (2) a loss of material (detached spall) from the rear surface of the 
 An immediate observation 
one can make when viewing Fig. 1 is that, for the range of impact velocities used in this test series, the performance of 
scaled Whipple shield tests cannot be used to infer the performance of full-scale Whipple shields. 
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Fig. 1. Ballistic-limit-equation curve and test results, with Pass/Fail lines, of impact tests performed using three scales of a simple Whipple shield. 
- and 0.25-scale shield results. Care was taken to have the 
lines pass through points midway between a pair of points denoting a pass and a fail at the low and the high ends of the test 
velocity ranges for each shield scale. The differences in the behavior of the subscale shields, as defined by these lines, are clear. 
The Pass/Fail lines for both subscale shields appear to converge when the impact velocity is about 6.6 km/s. The 0.46-scale 
line crosses the ballistic limit curve and could be considered to be adequately described by the curve although the Pass/Fail 
line has a shallower slope in the velocity range of 7 to 10 km/s. The 0.25-scale line is closer to a horizontal line and the difference 
between the 0.25-  
The performance of the full-scale shield differed significantly from the performance of the subscale shields and the 
ballistic limit curve, at least for the narrow range of impact velocities available for comparison. As noted in Table 3, the rear 
wall of the full-scale shield impacted by the so-called - n 18-mm-diameter hole the 
only shield in the test series to experience a perforation. The rear walls of the full-scale shields exhibited progressively 
tile diameter given 
by the Christiansen BLEs had to be reduced by 29 percent (a 64 percent reduction in projectile mass) before the shield 
passed. The results of the NASA test at 7.53 km/s (symbol with magenta center) may indicate that the full-scale shield 
becomes more resistant to impacts by larger projectiles as impact velocity is increased. 
3.2. Damage to rear surface of rear walls 
Views of the damage to the rear surface of the rear walls are presented in Figs. 2, 3, and 4 for selected full-, 0.46-, and 
0.25-scale shields, respectively. The pass/fail pairs selected for use in these figures were from both ends and the middle of 
the velocity ranges used for each series of tests, and where possible, each pair of tests had similar impact velocities. The 
irregularly-arranged dimples around the central damage areas of the two highest velocity 0.46-scale shields were formed by 
the impact of spray produced when the aluminum pusher plates used in the sabots impacted near the hole in the sabot-
stripper plate; the spray did not affect the damaged areas at the centers of the rear walls. In all cases, failures near the 
Pass/Fail line were small detached spalls. e crack or a system of 
cracks. The damaged regions produced on the rear surfaces of the rear walls were always centered on the shot-line axis and, 
except for several of the full-scale tests using the larger-diameter projectiles, were relatively small. 
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 4.76 mm at 6.98 km/s 4.51 mm at 7.00 km/s 
 t/D = 0.2692,  tw = 0.1260 in. t/D = 0.2843,  tw = 0.1260 in. 
 FAIL PASS 
Fig. 2. Views of damage to rear surface of full-scale rear walls for tests near the failure threshold. (Scales in inches) 
     
  2.78 mm at 7.50 km/s 2.60 mm at 8.78 km/s 2.60 mm at 9.29 km/s 
  t/D = 0.2146,  tw = 0.0576 in. t/D = 0.2295,  tw = 0.0576 in. t/D = 0.2295,  tw = 0.0577 in. 
     
  2.78 mm at 7.25 km/s  2.50 mm at 9.09 km/s 
  t/D = 0.2148,  tw = 0.0576 in.  t/D = 0.2388,  tw = 0.0574 in. 
Fig. 3. Views of damage to rear surface of 0.46-scale rear walls for tests near the failure threshold.  (Scales in inches) 
     
  1.59 mm at 7.00 km/s 1.58 mm at 8.49 km/s 1.50 mm at 9.68 km/s 
  t/D = 0.2032,  tw = 0.0315 in. t/D = 0.2042,  tw = 0.0317 in. t/D = 0.2088,  tw = 0.0310 in. 
     
  1.58 mm at 6.90 km/s 1.50 mm at 8.60 km/s 1.50 mm at 9.64 km/s 
  t/D = 0.2055,  tw = 0.0320 in. t/D = 0.2190,  tw = 0.0310 in. t/D = 0.2173,  tw = 0.0320 in. 
Fig. 4. Views of damage to rear surface of 0.25-scale rear walls for tests near the failure threshold.  (Scales in inches) 
FAILS 
PASSES 
FAILS 
PASSES 
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3.3. Effect of t/D ratio on scaled shield performance 
The various bumper-thickness-to-projectile-diameter ratios (t/D) used for all tests are presented in Fig. 5 as a function of 
impact velocity. The t/D ratios were computed using the measured bumper sheet thicknesses and projectile diameters and 
are not scaled. The plotted points were coded according to shield scale and show that shield performance, for each scale, 
was related to the t/D ratio of the sphere/bumper impact. This relationship clearly indicated that the observed differences in 
the performance of the shields were related to changes in the structure and composition of the debris clouds produced by the 
impacts. 
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Fig. 5. Bumper-thickness-to-projectile-diameter ratio (t/D) as a function of impact velocity, for all tests. 
4. Discussion 
The findings that (1) the damage to the rear wall for impact conditions near the Pass/Fail line was confined to a relatively 
small area along the shot-line axis and (2) the relationship of the t/D ratio to the failure of each scale of shield were 
important observations which guided the discussion used to explain the differences in the slopes and locations of the 
Pass/Fail lines for the subscale shields. 
4.1. Structure and composition of debris clouds 
Reference 4 presents the results of a detailed description and analysis of debris clouds produced by the impact of spheres 
with thin sheets for impact velocities up to 7 km/s. Debris clouds were shown to have three major structural features: (1) an 
ejecta veil which consisted of bumper fragments from the impacted side of the bumper; (2) an expanding bubble of bumper 
debris formed on the rear side of the bumper; and (3) a significant internal structure composed of projectile debris located 
inside and at the front of the expanding bubble of bumper debris. This internal structure was composed of a front, center, 
and rear element. 
For impact velocities above 5.5 km/s, the front element consisted of finely divided fragments and/or droplets of bumper 
and projectile. The bulk of the post-impact projectile mass appeared to be concentrated in the center element. The center 
element was composed of a large number of solid slivers, comma-shaped, and/or chunky pieces of fragmented projectile 
and a single, large, chunky projectile fragment which was located on the shot-line axis. The large central fragment appeared 
to originate from near the center (or to the rear of the center) of the sphere and was a portion of the sphere which remained 
relatively intact after impact. As the t/D ratio increased, the radial velocity of the projectile fragments in the center element 
increased and the expanding disk of fragments interacted with bumper material surrounding the evolving hole. As a result of 
these interactions, the disk-like center element evident in the lower t/D-ratio tests transitioned to a bowl shape for the higher 
t/D-ratio tests. The rear element of the internal structure was a hemispherical shell of fragments which spalled from the rear 
surface of the sphere, were relatively small, and did not appear to have the ability to produce any significant damage to the 
rear wall. 
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4.2. Details of structure of front and center element 
The test results and the review of debris cloud characteristics indicated that material at/or close to the shot-line axis of the 
front and the center elements of the debris cloud caused the failure of the rear wall of a Whipple shield. Results of an 
examination of the structure of these elements are presented in Fig. 6. A multiple-exposure radiograph of a debris cloud is 
shown at the top of the figure. A radiograph from a similar test firing in which a major portion of the debris cloud was 
stripped away, leaving a narrow  viewed using a 
flash x-ray, is presented in the lower half of the figure. The crescent-shaped front element evident at the front of the t/D = 0.234 
debris cloud in the upper portion t/D = 0.250 debris cloud in the lower portion of 
the figure. In this sectioned view, the increased radiographic density of the leading edge of the front element would indicate 
that most of the material in the front element is located along the leading edge. This double-layer, front-and-center-element 
structure is typical of all debris clouds produced in this test series. 
Orthogonal, multiple-exposure radiographs of a debris cloud produced by the impact of a 2.60-mm-diameter, 2017-T4 
aluminum sphere traveling at 9.19 km/s with a 6061-T6 aluminum bumper (t/D = 0.230) are presented in Fig. 7. Because the  
  
   
Fig. 6. Multiple-vie center of a 
similar debris cloud showing the crescent-shaped element (inside white oval) at the front and along the centerline of the cloud. 
  
  
  
Fig. 7. Radiographs of a debris cloud produced by the impact of a 2.60-mm-diameter aluminum sphere with a 0.0235-inch- (0.597-mm-) thick aluminum 
bumper sheet (t/D = 0.230) at 9.19 km/s. 
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 in the radiographs are faint. However, the 
structure of the debris cloud is evident and is identical to the structures of the debris clouds shown in Fig. 6, including the 
double-layer, crescent-shaped front element. 
are nearly identical for the 6.64 and 9.19 km/s tests. To date, there has been no evidence to suggest that the interpretation of 
the morphological features and the various measured properties of the debris clouds described in ref. 4 would not apply to 
debris clouds produced by impacts at velocities in the range of 7 to 10 km/s. 
4.3. Size of fragments in debris cloud 
Late-time view radiographs for a number of debris clouds were analyzed in ref. 4 to determine the size of fragments in 
the center element and the spall shell. Dimensions of the large central fragment in the center element were obtained for 
more than 40 debris clouds. The width and the height of each central fragment were measured in both views of the expanded 
debris cloud and used to compute the volume of an ellipsoid which was subsequently used to determine the diameter of a 
sphere with the same volume. When the projectile diameter was varied and the impact velocity was held constant, (1) this 
equivalent diameter and the velocity of the large central fragment decreased with increased t/D ratio and (2) the ratio of the 
central fragment equivalent diameter to the projectile diameter did not change [5]. 
Limited analyses of scattered, discrete projectile fragments in the center elements indicated they varied considerably in 
size, shape, and orientation. Because of the number and the tendency of these fragments to 
fragments, detailed analyses of the sizes and size distributions of the fragments in this element were not possible. However, 
the center-element fragments typically had length-to-width ratios which ranged from 2 to 3 and their size decreased as the 
t/D ratio and/or the impact velocity increased. 
Despite the potential implications of their size, for impact conditions below the Pass/Fail line, examination of the rear 
surface of the rear walls appears to indicate that these center-element fragments produced little or no damage on the rear 
surface. The observed rear wall damage was usually the result of the impact of the large central fragment. However, the 
regard, the size and the state of the fragments in those elements is critical. 
4.4. Discussion of differences in shield performance 
Since the Pass/Fail line for the 0.46-scale shield was close to the Christiansen BLE curve, the 0.46-scale shield was 
- 
and full-scale shields. The discussion of the differences in shield performance will begin with a comparison of the 0.25- and 
0.46-scale shield test results. 
As noted in Section 3.1, the Pass/Fail lines for the 0.46- and 0.25-scale shields intersected when the impact velocity was 
about 6.6 km/s and then diverged as the impact velocity increased. As the impact velocity was increased from 6.6 km/s, the 
diameters of the critical fragment, dc , had to be reduced for both scales of shield to keep the shields from failing. In ref. 4, it 
was shown that increases in the t/D ratio and impact velocity resulted in the formation of smaller fragments in the debris 
cloud elements. The normalized velocity of the center element (and the large central fragment) also decreased slightly with 
increasing t/D ratio.  However, the actual velocity of all fragments in the debris clouds, including the large central fragment, 
increased almost linearly (with small adjustments for the t/D ratio-related effects) as the impact velocity was increased. 
The damage pattern produced on the rear surfaces of the rear walls also changed as the impact velocity was increased. 
For impacts below 7.5 km/s, a well-defined, ring-shaped attached spall was formed around a central spall (see Figs. 3 and 4). 
Measurements taken from the debris cloud shown in Fig. 7 indicated the diameter of the ring-shaped spall corresponded to 
the diameter of the region where the front and center elements met (the periphery of the crescent-shaped element in Fig. 6). 
As the impact velocity was increased to 8.49 km/s for the 0.25-scale shields, only a small section of the spall ring was 
visible. The spall ring on the rear surface of the 0.46-scale shield had grown faint and was missing for about two-thirds of its 
circumference when the impact velocity reached 8.78 km/s. Partial ring-shaped spalls were not evident, to any degree, on 
the rear walls of the 0.25- and 0.46-scale shields for impacts above 8.49 and 8.78 km/s, respectively. 
The small central spalls and blisters shown for the highest velocity impacts in Figs. 3 and 4 were produced by 
central fragment of the center element. Evidently, very small portions of the spheres survived the impact and remained as 
solid fragments (or groups of solid fragments) or as drops of mixed-phase material. For test firings at similar impact 
velocities, the scaled, critical-diameter spheres used for the 0.25-scale shields had to be larger than the scaled, critical-
diameter spheres used for the 0.46-scale shields. The corresponding decrease in the t/D ratio of the debris clouds for the 
0.25-scale shields resulted in an increase in the diameter and velocity of the large central fragment in the debris clouds and 
the subsequent failure of the shields. As impact velocities are increased above those used for this test series, the size of the 
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central fragment should decrease with increased shock pressures and, eventually, this fragment or remnants of this fragment 
should melt and cease to produce the small central spall. 
Since the full-scale shield tests were performed with an impact velocity of 7 km/s, the results of this series provided an 
opportunity to compare the effect of a changing t/D ratio on the lethality of the center-element fragments. The damage 
pattern exhibited on the front surface of the rear walls for all scales of 7 km/s tests was similar with a well-defined ring of 
craters clearly indicating the outer diameter of the area struck by the center element. Most of the region inside this boundary 
was filled with craters indicating the bulk of the center-element fragments were solid when they struck the rear wall. A 
small region of melted material was produced at the center of the damage pattern but it was not clear whether the material 
was melted when it struck the rear wall or whether it melted following release from the shocked state produced by the 
impact of the front and center elements. 
The size of the spall-damaged areas on the rear surface of the full-scale rear walls decreased as projectile diameter was 
decreased. The regions surrounding the spall-damaged areas exhibited numerous dimples produced by the impact of center-
element fragments on the front side. 
- and 0.25-scale shields. The 
spall plate from the rear wall of the test using a 5-mm-diameter sphere was much thinner than the spalls from the tests with 
 
for the other tests. Light dimpling of the rear wall in the region surrounding the spall was also observed.  The rear wall for 
the test with the 4.76-mm-diameter sphere was  The spall plate from this rear wall was thin and 
had a smaller diameter than the spall rings just described. The region surrounding the spall-damaged area on this rear wall 
was smooth.  As the sphere diameter was decreased, the decrease in the size, velocity, and total mass of the front- and center-
element fragments -mm-diameter sphere. 
The velocity and the size of the center-element fragments and the large central fragment decreased as the t/D ratio 
increased. Because the spall plates for the tests with the larger spheres were thicker and the outer diameters of the thick 
center region matched the diameter of the junction of the front and center elements of the debris clouds, it was concluded 
that the impact of the front element for these tests probably contributed to the formation of the thicker spall plate by 
weakening the region which was subjected to a second impact by the center element. 
The large difference in the performance of the full-scale and the subscale shields for impact velocities near 7 km/s was 
unexpected. However, the examination of the rear wall damage pointed to an abundance of large, solid fragments in the 
debris clouds for the full-scale tests. The results of the test at 7.53 km/s appeared to indicate that the size of the fragments in 
the front and center elements decreased (due mainly to the increase in impact velocity) and that the fraction of melted 
material in them increased. 
The successive impacts of the front and center element with the rear wall appeared to be a more significant problem 
when impact velocities were low and fragments in these elements were solid. As the impact velocity was increased, the 
ability of these elements to produce craters on the rear walls diminished because larger fractions of the debris clouds 
consisted of mixed-phase or melted material [6]. Bulging of the center of the rear wall in the region surrounding the shot-
line axis was observed for the impacts at the higher velocities, a likely consequence of the heating and subsequent 
weakening of the rear walls which resulted from the impact of increasingly energetic droplets of molten material. 
Undoubtedly, as impact velocities are increased further, the rear walls will become more vulnerable to rupture-type failures 
as the momentum of these droplets and, eventually, vapor will apply higher and higher impulsive loads to the rear wall. 
5. Summary 
The results of 28 hypervelocity impact tests used to evaluate the performance of full-, 0.46-, and 0.25-scale versions of a 
simple Whipple shield subjected to the impact of aluminum spheres are presented. For the range of impact velocities used in 
the test series, 6.90 to 9.77 km/s, the performance of subscale Whipple shields cannot be used to infer the performance of 
full-scale Whipple shields. The observations that (1) the damage to the rear wall for impact conditions near the Pass/Fail 
line was always confined to a relatively small area along the shot-line axis and (2) the relationship of the t/D ratio to the 
failure of each scale of shield were used to explain the differences in the slopes and locations of the Pass/Fail lines for the 
three scales of shields. Pass/Fail lines for the two subscale shields converged when the impact velocity was about 6.6 km/s. 
The Pass/Fail line for the 0.46-scale shield crossed a nominal ballistic limit curve for the 0.46-scale shield and the 
performance of this shield could be considered to be adequately described by the Christiansen BLE for impact velocities in 
the range of 7 to 10 km/s. The 0.25-  line and the Christiansen BLE diverged as impact velocity was 
increased with the 0.25-scale shield performing above its predicted failure threshold. The damaged regions produced on the 
rear surfaces of the rear walls were relatively small and always centered on the shot-line axis. The differences in the failure 
thresholds of the shields were attributed to differences in the fraction of melted material in the debris clouds. 
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